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Surface treatments using multiple Ar ion irradiation processes with a maximum energy and fluence of
200 keV and 1  1016 ions/cm2, respectively, have been performed on two different metallic glasses:
Zr55Cu28Al10Ni7 and Ti40Zr10Cu38Pd12. Analogous irradiation procedures have been carried out at room
temperature (RT) and at T = 620 K (0.9 Tg, where Tg denotes the glass transition). The structure, mechan-
ical behavior, wettability and corrosion resistance of the irradiated alloys have been compared with the
properties of the as-cast and annealed (T = 620 K) non-irradiated specimens. While ion irradiation at RT
does not significantly alter the amorphous structure of the alloys, ion irradiation close to Tg promotes
decomposition/nanocrystallization. Consequently, the hardness (H) and reduced Young’s modulus (Er)
decrease after irradiation at RT but they both increase after irradiation at 620 K. While annealing close
to Tg increases the hydrophobicity of the samples, irradiation induces virtually no changes in the contact
angle when comparing with the as-cast state. Concerning the corrosion resistance, although not much
effect is found after irradiation at RT, an improvement is observed after irradiation at 620 K, particularly
for the Ti-based alloy. These results are of practical interest in order to engineer appropriate surface treat-
ments based on ion irradiation, aimed at specific functional applications of bulk metallic glasses.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Several procedures to physically or chemically treat the surface
of functional materials have been implemented over the years with
the aim to improve their corrosion resistance, to control friction
and wear, to promote the change of a certain physical property
(e.g., conductivity, magnetism or reflectivity) [1–5] or to alter the
dimensions and/or final appearance of a product (e.g., color, luster
or roughness) [6]. These treatments can be classified into two main
categories: (i) treatments that involve covering the surface of the
material with a coating layer and (ii) treatments aimed at altering
the surface itself, either modifying it entirely or only in some
specific regions (i.e., local surface patterning). In the first case,
one can distinguish between organic (e.g., paints, laminates or
lubricants) and inorganic coatings (e.g., electrodeposited andelectroless coatings, conversion coatings, thermal sprayings, hot
dippings, etc.). Within the second category, different types of
incident particles or beams (e.g., shot peening, laser, flame,
electron or ion irradiation) can be used, for example, to enhance
the tribological performance of materials or to change their
wettability and improve their corrosion behavior. Various methods
have been used in the past to enhance the surface mechanical
performance of materials: thermo-chemical treatments to induce
case-hardening (i.e., carburizing, chroming, nitriding, etc.); anneal-
ing treatments, where microstructural changes are induced by sur-
face heating (e.g., induction, flame, laser, light, electron beam, etc.);
and mechanical treatments, where the structural changes are
induced by cold working of the surface (e.g., shot peening, deep
rolling or shot blasting). In fact, shot penning and ion irradiation
treatments can be used to modify the surface of certain materials
in a controlled manner through the creation of structural disorder
and refinement of the grain size at the top surface [7,8].
In recent years, several works have reported on the effects of ion
irradiation on the near-surface morphology of different types of
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metals and oxides by employing high energy (MeV) incident ions
(N+, O+ or noble gas ions), sufficiently high fluences (typically
>1  1017 ions/cm2) or directly using heavy ions (e.g., Bi+) [9–12].
For instance, amorphous sponge-like germanium foams with tun-
able porosity and nanopore network geometries have been
obtained by varying the ion energy, fluence, angle of incidence
and target temperature [12]. Conversely, shrinking of pre-existing
pores in the near-surface of amorphous metals has been accom-
plished by low-energy Ar+ irradiation [13]. Moreover, in some
cases, embedded nanofibers or nanowires have also been fabri-
cated using appropriate ion irradiation conditions [14,15].
Among metallic alloys, bulk metallic glasses (BMGs) have
attracted interest during the last decades due to their high hard-
ness and yield strain, combined with an easy flow when heated
above the glass-transition temperature Tg, thus allowing for ther-
moplastic molding, similar to polymers [16,17]. BMGs have found
applications in sporting goods, medical and electronic devices, and
defense and aerospace technologies. However, BMGs suffer from
the drawback that they exhibit limited room temperature macro-
scopic plasticity, compared to polycrystalline metals, due to forma-
tion and rapid propagation of a few shear bands [18]. The plasticity
in these materials can be improved by promoting the nucleation
and branching of multiple shear bands or by hindering their prop-
agation. This is usually achieved by engineering metallic glass
composites in which small nanocrystals are embedded in the
glassy matrix. These crystals can be grown in situ (i.e., during the
casting process) or by annealing treatments in the supercooled
liquid region. If the size and shape of these crystals is properly
tuned, this can result in a significant enhancement of the compres-
sive plasticity [18]. Besides thermal treatments, application of
stress in BMGs has been reported to enhance the atomic mobility
(i.e., increasing the amount of free volume) [19,20], eventually also
leading to post-synthesis nanocrystallization, if the applied stress
is sufficiently high [21,22].
Ion bombardment of crystalline materials can introduce large
amounts of structural defects at the surface, eventually leading
to amorphization and subsequent worsening of the mechanical
properties [23–26]. This process, which usually takes place when
the material is subject to high ion fluences and/or irradiation with
heavy incident ions, has to be taken into account in materials for
structural applications, for example in nuclear reactors. Contrary
to crystalline alloys, BMGs can experience radically different
microstructural surface effects depending on the ion irradiation
conditions. While an increase of the free volume concentration,
with the concomitant decrease of hardness, has been observed
after ion irradiation at low fluences with low-energy incoming ions
[27–29], partial nanocrystallization can occur for sufficiently high
fluences and high incident ion energies [30–35]. In this case, an
increase of hardness and plasticity is usually reported. Energetic
and thermodynamic considerations to establish which irradiation
conditions can either promote increase of free volume or nanocrys-
tallization have been recently reported [36].
Suitable thermal annealing treatments can also induce changes
in the amount of free volume frozen in the glassy structure of
BMGs during the casting and, if the temperature is sufficiently
high, crystallization can take place. Annealing at temperatures
below Tg typically induces annihilation of free volume [37]. Partial
crystallization can occur when the BMG is heated above Tg and full
crystallization is observed for temperatures larger than the crystal-
lization temperature Tx. Hence, either annealing or ion irradiation
can be used to tune the intrinsic structure of BMGs and, therefore,
their physical and chemical properties. However, in most works
dealing with ion irradiation of BMGs, the ion bombardment has
been performed only at room temperature (RT), without purposely
heating the sample during the irradiation process. Hence, theinfluence of sample temperature during the ion irradiation proce-
dure has remained largely unexplored. Furthermore, the literature
on the effects of ion irradiation (even when it is performed at RT)
on the wettability and corrosion behavior of BMGs is rather scarce
[38–42].
In this work, ion irradiation treatments (using Ar ions with a
maximum energy of 200 keV) are performed at RT and close to Tg
on the surface of two BMGs (Zr-based and Ti-based) with the
aim of modifying their structure and, thus, enhancing their near-
surface mechanical and corrosion performance through tailored
irradiation profiles. The effects of the irradiation processes are sim-
ilar for the two investigated alloys. Ion irradiation at RT does not
induce appreciable nanocrystallization of the glassy structure but
causes a decrease of hardness, Young’s modulus and the contact
angle, presumably due to the increase of the free volume concen-
tration. Conversely, evidence for decomposition/nanocrystalliza-
tion is obtained on samples ion-irradiated at a temperature close
to Tg, leading to an increase of hardness, Young’s modulus and elas-
tic recovery. While no clear changes in the corrosion behavior are
observed on samples irradiated at RT, electrochemical corrosion
tests reveal an improvement of the corrosion resistance after ion
irradiation at T close to Tg, particularly for the Ti-based BMG.2. Experimental details
Bulk metallic glass (BMG) alloys with the compositions Zr55Cu28Al10Ni7 and
Ti40Zr10Cu38Pd12 (at.%) were prepared by arc-melting mixtures of the high purity
elements in Ar atmosphere. Rods of 2 mm in diameter were obtained from the melt
by copper mold casting. The compositions of the samples were checked by energy-
dispersive X-ray (EDX) analysis, using a Zeiss–Merlin scanning electron microscope
(SEM), and were found to be homogeneous along and across the rods. Disks of about
250 lm in thickness were cut from the rods and subsequently polished to mirror-
like appearance using SiC grinding paper and diamond paste.
The polished BMGs were irradiated with Ar ions using two consecutive irradia-
tion processes (first one at 200 keV followed by another one at 75 keV) aimed at
obtaining a significant and homogeneous radiation damage within the upper
100 nm from the surface. The ion damage caused during the cumulative irradiation
process was modeled using Monte-Carlo simulations by means of the TRIM (Trans-
port of Ions in Matter) program included in the SRIM (Stopping Range of Ions in
Matter) package [43,44]. To avoid irradiation-induced overheating of the sample,
the holder was water-cooled in the irradiations carried out at RT. The dpa values
are quantified by multiplying the irradiation fluence and the number of target dis-
placements/(ionÅ) at a certain depth, divided by the atomic density.
The aforementioned two-step irradiation processes were performed both at RT
(on the as-cast alloys) and at T = 620 K, which is close to the glass transition, Tg, for
both alloys (Tg,Ti-based = 685 K [45], Tg,Zr-based = 702 K [46], i.e., T  0.9 Tg). For the
high-temperature irradiation processes the samples were heated and cooled at
40 K/min and kept at T = 620 K for 1 h (the two-step irradiation process, which
lasted slightly less than 1 h, was performed during the holding temperature seg-
ment). For simplicity, the following nomenclature is used in the figures to refer
to the different sample states: ‘‘as-cast’’ for non-treated samples, ‘‘irradiated RT’’
for the samples irradiated at RT, ‘‘only annealed 620 K’’ for the samples annealed
at T = 620 K, and ‘‘irradiated 620 K’’ for the samples irradiated at T = 620 K.
The samples were structurally characterized by grazing incidence X-ray diffrac-
tion (GIXRD), wide angle X-ray scattering (WAXS) and small angle X-ray scattering
(SAXS). GIXRD patterns were acquired on a X’pert PRO MRD PANalytical X-ray dif-
fractometer using Cu Ka radiation with an incidence angle of the X-ray beam of 1.
WAXS/SAXS measurements were performed at BL11–NCD beamline at ALBA Syn-
chrotron Light Facility using an incident wavelength of 0.9999 Å. Conversion of
the used wavelength into Cu Ka (1.54 Å) has been applied for plotting purposes.
Surface roughness was characterized by atomic force microscopy (AFM) using a
Dual Scope TMC-26 system (Danish Micro Engineering) working in AC mode. A
commercial silicon tip (50–100 KHz resonance frequency) was used to scan surface
areas of 50  50 lm2 and extract the peak-to-valley distance and the root-mean
square (RMS) roughness values.
Nanoindentation experiments were carried out using a UMIS equipment from
Fischer-Cripps laboratories equipped with a Berkovich pyramidal-shaped indenter
tip. A total of 100 indentations were performed for each sample, in the load control
mode, with a maximum applied force of 4 mN. The thermal drift was always kept
below ±0.05 nm/s. The hardness H and reduced Young’s modulus values Er were
evaluated at the beginning of the unloading segment, using the method of Oliver
and Pharr [47]. Proper corrections for the contact area (calibrated using a reference
quartz silica sample), instrument compliance and initial penetration depth were
applied. Finally, the elastic recovery was evaluated from the ratio between the elas-
tic and the total (plastic + elastic) energies during nanoindentation Ue/Utot. These
Fig. 1. TRIM simulations of the collisional damage distributions (described by the
number of target displacements per ion and crossed distance, given in number/
(ionÅ)) in (a) the Zr-based BMG and (b) the Ti-based BMG. The glassy alloys were
subject to two consecutive irradiation processes: a first one at 200 keV (fluence of
1  1016 ions/cm2; second one at 75 keV (fluence of 5  1015 ions/cm2).
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between the unloading curve and the displacement axis (Ue) and between the load-
ing segment and the displacement axis (Utot).
The sessile drop technique was employed to assess the wettability of the alloy
surfaces, before and after the irradiation processes. Small droplets (1 ll) of Hank’s
balanced salt solution (Aldrich) were deposited onto the surfaces of Ti40Zr10Cu38Pd12
alloy, whereas 5 wt.% NaCl aqueous solution was used for Zr55Cu28Al10Ni7. These
media were chosen bearing in mind the potential applicability of these materials
for structural applications (eventually in marine environments –for the Zr-based
alloy [48]– and as biomedical implants –for the Ti-based alloy [49]–). The contact
angles were measured with a CAM 200 from Iberlaser at 25 C for Zr55Cu28Al10Ni7
(ambient temperature) and at 37 C (human body temperature) for Ti40Zr10Cu38Pd12.
Electrochemical corrosion experiments were performed in a thermostatized,
one-compartment three-electrode cell filled with 50 ml of Hank’s solution at
37 C (for Ti40Zr10Cu38Pd12) and 50 ml of 5 wt.% NaCl for Zr55Cu28Al10Ni7. As afore-
mentioned, the electrolytes were selected according to the potential applications of
these alloys. A double junction Ag|AgCl reference electrode was used with 3 M KCl
inner solution and 1 M NaCl outer solution. A Pt sheet acted as a counter electrode.
Initially, the specimens (3.14 mm2 exposed area) were immersed in the electrolytes
to determine the open circuit potential (OCP) for each case. The potential usually
became stable after 3 h of immersion. Immediately afterwards, the potential was
swept at a rate of 0.1 mV/s from 300 mV below the OCP towards 300 mV above
the OCP. The corrosion current density jcorr values were determined by extrapola-
tion of the anodic and cathodic Tafel slopes to the corrosion potential Ecorr.
3. Results and discussion
3.1. Structural characterization
The Monte-Carlo simulations show that the first irradiation
step, carried out at an acceleration energy of 200 keV using a flu-
ence of 1  1016 ions/cm2, caused maximum collisional damage
at a depth of 50–100 nm, while the second irradiation, performed
at 75 keV and a fluence of 5  1015 ions/cm2, induced maximum
effects within the upper 10–40 nm (Fig. 1). The simulations reveal
that while a collisional damage of around 29 displacements/atom
(dpa) is induced in the Ti-based alloy within the first top 100 nm,
a damage of 22 dpa is induced in the Zr-based BMG. Since the irra-
diation conditions were the same for the investigated BMGs and
both show a similar density (i.e., 6.900 g/cm3 and 6.755 g/cm3 for
the Ti-based and the Zr-based BMGs, respectively), the differences
in the collisional damage are not pronounced. Shown in Fig. 2(a)
are the WAXS patterns of the Ti-based alloy in the as-cast state,
after ion irradiation at RT, after annealing at T = 620 K and after
ion irradiation at 620 K. The WAXS pattern of the as-cast sample
consists of two broad halos with absence of well-defined diffrac-
tion peaks, indicating that the as-cast Ti40Zr10Cu38Pd12 is amor-
phous. The same holds for the Zr55Cu28Al10Ni7 alloy (Fig. 3(a)).
Remarkably, no appreciable changes in the WAXS pattern are
observed after ion irradiation at RT, neither for the Ti-based nor
for the Zr-based BMGs (see also the corresponding GIXRD patterns
of Fig. S1). This is opposite to what has been found in other BMGs,
where surface crystallization has been occasionally observed after
irradiation at RT, particularly when the ion fluence or incident
energy were higher than in our case (e.g., 140 keV He ions with flu-
ence of 1.7  1017 ions/cm2 [31,34] or 300 keV Ar ions with fluence
of 3.0  1015 [33]) or the incident ions were heavier (e.g., Ga+ [35],
Cu+ [30] or Ni+ [32]).
Figs. 2(a) and 3(a) also show that Ti40Zr10Cu38Pd12 and
Zr55Cu28Al10Ni7 remain amorphous after annealing at 620 K, as
expected from the thermal stability of glassy materials when
heated below Tg. Conversely, a slight decrease of the full width at
half maximum of the amorphous halo located in the 2h range
35–50 was observed for Ti40Zr10Cu38Pd12 after irradiation at
T = 620 K. Actually, discrete narrower peaks can be distinguished
superimposed on the amorphous halo for the sample irradiated
at 620 K (Fig. 2(b)). Several phases (CuTi, Ti, PdZr, and Cu) have
been found to match these reflections. This indicates that irradia-
tion close to Tg promotes partial nanocrystallization, even though
this temperature is below Tg. Such a decrease of the width of theamorphous hump is not evident for the Zr-based BMG (Fig. 3(b)).
In order to gain a deeper knowledge on the eventual structural
modifications occurring at surface level, complementary SAXS
experiments were conducted for this alloy. Fig. 3(c) shows an inter-
ference peak in the SAXS patterns of the Zr-based sample annealed
at 620 K, which slightly shifts toward lower q for the sample
irradiated at 620 K. Such small shift can be attributed to decompo-
sition stages preceding nanocrystallization, in agreement with
[50,51].
AFM images revealed virtually no changes in the surface rough-
ness after annealing and/or irradiation treatments (Fig. S2 and
Table S1). Namely, the peak-to-valley surface roughness remained
around 20–30 nm (with RMS roughness values of about 2 nm) in
all cases.3.2. Mechanical properties
The results from nanoindentation are shown in Fig. 4. For both
BMG families, it is clear that ion irradiation at RT causes an
increase of the maximum penetration depth with respect to the
as-cast state (i.e., a decrease of hardness). On the contrary, ion irra-
diation at T = 620 K causes a decrease of the penetration depth (i.e.,
mechanical hardening) with respect to the as-cast or annealed
samples. Similar trends are observed for the reduced Young’s
modulus. The effect of ion irradiation at RT can be thought to be
Fig. 2. (a) WAXS patterns corresponding to the Ti-based metallic glass in the as-cast
state, after ion irradiation at room temperature (RT), after annealing at 620 K and
after ion irradiation at 620 K and (b) zoomed view of the WAXS pattern for the Ti-
based sample ion-irradiated at 620 K.
Fig. 3. (a) WAXS patterns corresponding to the Zr-based metallic glass, (b) detail of
theWAXS patterns in angular range corresponding to the main diffraction halo in (i)
as-cast state, (ii) after ion irradiation at room temperature (RT), (iii) after annealing
at 620 K and (iv) after ion irradiation at 620 K, and (c) SAXS patterns of the Zr-based
alloy after annealing at 620 K and after ion irradiation at 620 K.
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treatments. In both cases, the mechanical and/or thermal energy
causes an increase of the free volume, which enhances atomic
mobility and, consequently, reduces hardness and also Young’s
modulus [52–54]. Changes in free volume have been also reported
in ion irradiated Zr–Ti–Cu–Ni–Be metallic glass [28,29]. In contrast,
an increase in the values of H and Er is observed after annealing at
620 K. This can be ascribed to thermally-induced annihilation of
free volume, as has been reported in the literature for metallic
glasses annealed at around or below Tg [37]. Partial crystallization
of metallic glasses can bring about a further increase of hardness
and Young’s modulus. In particular, this effect has been reported
for both Zr-based [30,33] and Ti-based [45] BMGs. Nevertheless,
some embrittlement of the underneath material (i.e., far from the
surface) could have been occurred, as shown in BMGs exposed to
temperatures close to Tg [55].
From a tribological viewpoint, it is worth mentioning that the
wear resistance of a bulk material or a coating not only depends
on its hardness (typically harder materials show higher wear resis-
tance) but also on the reciprocal of the Young’s modulus. Hence,
the elastic strain to failure, which is proportional to H/Er, turns
out to be a suitable parameter to describe the wear resistance of
a given material, more than the hardness itself [56]. Our results
indicate that although low-energy ion irradiation at RT does not
presumably induce changes in the wear resistance, a clear
improvement of the H/Er is observed after ion irradiation close to
Tg (Tables 1 and 2).
Finally, for applications where impact loading can be an issue,
the elastic recovery (Ue/Utot) is another interesting mechanical
parameter that can be easily extracted from nanoindentationcurves. As shown in Tables 1 and 2, ion irradiation at high temper-
ature (0.9 Tg) induces an increase of the elastic recovery for both
metallic glasses. Such an increase is not so significant after ion irra-
diation at RT (Ue/Utot actually decreases in the Ti-based alloy after
irradiation at RT, when compared to the as-cast state). Although
there is no general correlation between hardness and elastic recov-
ery, the values of Ue/Utot have been often reported to be propor-
tional to H/Er [57,58]. Such a correlation is also roughly observed
in the present study.3.3. Wettability
The wettability of a given material is of particular importance
since it often determines its corrosion and biofouling performance.
Materials with more hydrophobic character are typically more
resistant against corrosion. Hence, several surface treatments have
been engineered over the years in order to increase the hydropho-
bicity of different types of materials [59,60]. The wettability can be
determined by means of the sessile drop technique, where the
contact angle between a liquid droplet and a flat surface of the
material of interest is measured. Fig. 5 shows optical microscopy
images of Hank’s solution droplets deposited onto the surfaces of
the as-cast, annealed and ion irradiated Ti40Zr10Cu38Pd12 alloys.
The images reveal that the contact angle is similar in all cases
except for the sample annealed at T = 620 K (non-irradiated),
where a more hydrophobic character is obtained. The values of
contact angle for the different samples investigated in this work
are summarized in Table 3. The contact angle decreases slightly
after ion irradiation at RT (especially for the Zr-based BMG), it
increases significantly after thermal annealing, but it decreases in
the samples irradiated at 620 K, approaching the value correspond-
ing to the as-cast state. In a first approximation, if the wetting is
Fig. 4. Representative nanoindentation curves corresponding to (a) the Zr-based
alloy and (b) the Ti-based alloy in the as-cast state, after ion irradiation at room
temperature (RT), after annealing at 620 K and after ion irradiation at 620 K.
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contact angle with the existing interfacial tensions:
cosh ¼ rSV  rSL
rLV
ð1Þ
where rSV, rSL and rLV are the interfacial tensions between solid–
gas, solid–liquid and liquid–gas phases, respectively [61–64]. OurTable 1
Summary of the mechanical properties of the Zr-based alloy, assessed by nanoindentation,
620 K and after ion irradiation at 620 K. Er, H, Ue and Utot denote the reduced Young’s mo
Er (GPa) H (GPa) Ue
Zr-based as-cast 94.1 ± 0.9 7.52 ± 0.09 0.1
Zr-based irradiated RT 82.6 ± 0.5 6.55 ± 0.08 0
Zr-based annealed 620 K 104 ± 3 8.25 ± 0.08 0.1
Zr-base irradiated 620 K 120 ± 1 9.88 ± 0.05 0
Table 2
Summary of the mechanical properties of the Ti-based alloy, assessed by nanoindentation,
620 K and after ion irradiation at 620 K. Er, H, Ue and Utot denote the reduced Young’s mo
Er (GPa) H (GPa) U
Ti-based as-cast 125 ± 2 10.2 ± 0.2
Ti-based irradiated RT 121.4 ± 0.9 9.7 ± 0.1
Ti-based annealed 620 K 135 ± 1 11.0 ± 0.3
Ti-based irradiated 620 K 141 ± 2 12.1 ± 0.1 0results indicate that ion irradiation at RT tends to decrease the con-
tact angle, similar to what has been observed after surface laser
treatments of metallic glasses [52]. Since rLV depends mainly on
the liquid used for the sessile drop experiments, its value can be
regarded as constant. Thus, the change in contact angle is attributed
to variations in rSV and/or rSL.
Ion irradiation treatments are likely to induce an increase of
free volume in the glassy structure, similar to what has been
reported for shot-peened or laser treated metallic glasses [52,53],
as well as for amorphous metallic alloys under the action of large
shear stresses, where deformation induces a net creation of excess
free volume [19,20]. As a result of the increase of the free volume
concentration, the atomic mobility is enhanced and rSV presum-
ably increases. In turn, when the surface free energy of the solid
increases, the attraction between the liquid molecules and the
atoms in the solids becomes reinforced, favoring the spreading of
the liquid drop on the solid surface, hence decreasing rSL. Conse-
quently, the value of cosh would turn out to be larger (see Eq.
(1)), resulting in a lower contact angle [61]. Thermal annealing
close to Tg induces structural relaxation of the glassy structure,
which brings about a decrease of the free volume concentration.
As a result, the contact angle increases mainly because of the
increase of rSL. It has also been reported that quite often metallic
glasses are more hydrophilic (lower contact angles) than crystal-
line materials with the same composition [62–64]. It has been
argued that since the structure of metallic glasses is metastable,
their atomic activity is rather high and this tends to favor the
spreading of the liquid drop on the solid surface, hence decreasing
rSL with respect to the value of the crystalline alloy. In turn, due to
the high atomic activity and the presence of not-fully bonded
states at the surface of metallic glasses, the value of rSV should
be higher than for crystalline alloys. In our case, however, a
decrease in contact angle after irradiation at T = 620 K is observed,
in spite of the near-surface decomposition/nanocrystallization evi-
denced by WAXS (Figs. 2 and 3). This could indicate that surface
nanocrystallization, in particular for Ti-based alloy, is only partial
and that the effects of thermally-induced annihilation of free vol-
ume on the remaining amorphous matrix are exacerbated due to
the high-temperature ion irradiation, thus counterbalancing the
effects of nanocrystallization on hydrophobicity.3.4. Corrosion performance
The corrosion performance of the different samples was
assessed electrochemically by recording potentiodynamic polari-
zation curves. For the Zr-based alloy, the irradiation does not bringin the as-cast state, after ion irradiation at room temperature (RT), after annealing at
dulus, the hardness, the elastic and the total indentation energy, respectively.
(nJ) H/Er Utot (nJ) Ue/Utot
021 ± 0.0008 0.0800 0.2377 ± 0.0008 0.4297
.107 ± 0.002 0.0793 0.237 ± 0.002 0.4522
031 ± 0.0004 0.0793 0.224 ± 0.006 0.4598
.104 ± 0.001 0.0822 0.218 ± 0.001 0.4892
in the as-cast state, after ion irradiation at room temperature (RT), after annealing at
dulus, the hardness, the elastic and the total indentation energy, respectively.
e (nJ) H/Er Utot (nJ) Ue/Utot
0.096 ± 0.001 0.0813 0.203 ± 0.001 0.4716
0.093 ± 0.001 0.0797 0.219 ± 0.002 0.4325
0.099 ± 0.002 0.0814 0.204 ± 0.002 0.4825
.1073 ± 0.0009 0.0861 0.203 ± 0.003 0.5276
Fig. 5. Photographs of the as-deposited droplets of Hank’s solution onto the surface of the Ti-based alloy in the as-cast state, after ion irradiation at room temperature (RT),
after annealing at 620 K and after ion irradiation at 620 K.
Table 3
Summary of the values of contact angle obtained with 1 ll drop of (a) a 5 wt.% NaCl
solution onto the surface of the Zr-based alloy and (b) Hank’s solution onto the
surface of a Ti-based alloy. The values corresponding to the as-cast state, after ion
irradiation at room temperature (RT), after annealing at 620 K and after ion
irradiation at 620 K are compared.
Contact angle 1 ll
Zr-based as-cast NaCl 5 wt.% solution 85.0 ± 0.2
Zr-based irradiated RT NaCl 5 wt.% solution 77.2 ± 0.3
Zr-based annealed at 620 K 97.5 ± 0.5
NaCl 5 wt.% solution
Zr-based irradiated at 620 K 84.5 ± 0.5
NaCl 5 wt.% solution
Ti-based as-cast Hank’s solution 77.4 ± 0.4
Ti-based irradiated at RT Hank’s solution 75.5 ± 0.5
Ti-based annealed at 620 K Hank’s solution 96.1 ± 0.3
Ti-based irradiated at 620 K Hank’s solution 75.2 ± 0.4
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solution (Fig. 6a). In fact, jcorr increases with respect to the as-cast
state from 1.2  105 A/cm2 to 4.7  105 A/cm2 for the sample
irradiated at 620 K. Although there is a slight shift of the Ecorr
toward more positive values (DE = 27 mV), the change is within
the experimental error. It can be observed that this alloy dissolves
actively and that the current densities increase rapidly by anodic
polarization, similar to what has been observed in other as-cast
Zr-based BMGs tested in Cl-containing medium [65]. Only for the
samples annealed and irradiated at 620 K, the increase of the cur-
rent density after Ecorr is less sharp but similar values are reached
among all samples already at potentials of around 0.4 V. On the
contrary, there is an improvement of the corrosion resistance in
Hank’s solution upon ion irradiation of the surface of Ti-based alloy
at 620 K (Fig. 5b). For this alloy, jcorr and Ecorr values for the sample
irradiated at RT remain almost the same as for the as-cast state, but
the specimens annealed and irradiated at 620 K experience animprovement of the corrosion resistance. A shift in Ecorr of 40 mV
is observed and jcorr decreases from 1.3  105 A/cm2 (as-cast sam-
ple) to 8.8  106 A/cm2 and 1.8  106 A/cm2 (samples annealed
and irradiated at 620 K, respectively). Moreover, the passivity
range is enlarged up to 0.65 V. Nevertheless, it should be pointed
out that any meaningful comparison between the behaviors of
the Zr- and Ti-based alloys is not straightforward since the electro-
lyte used is different (5 wt.% NaCl vs. Hank’s solution). It is conjec-
tured that the protective character of TiO2 passivation layer
typically formed on the surface of Ti-based alloys is enhanced upon
ion irradiation. On the contrary, the irradiation of Zr-based alloy
might favor surface atom mobility (at least at RT) in a way that
triggers even more its active dissolution.
The effects caused by ion irradiation on the corrosion perfor-
mance of glassy alloys are generally either attributed to chemical
modifications of the outmost surface or to structural changes
(i.e., nanocrystallization). For example, Jiang et al. observed a clear
improvement of the corrosion resistance of a La-based bulk metal-
lic glass in 0.01 M NaCl after implantation of Nb with doses ranging
6  1016–1  1017 ions/cm2 [40]. The authors attributed such
improvement to the high passivating ability of the Nb-containing
surface layer formed in situ; hence, to a chemical modification of
the near-surface. The effect of Ar ion bombardment (150 keV,
3  1015–1  1017 ions/cm2) at 77 K on the corrosion properties
of Zr–Sn–Fe–Cr BMG in 0.5 M H2SO4 was explored by Xiaoyang
et al. [41]. The authors observed a different behavior depending
on the fluence. At low fluences, Ecorr shifted toward more cathodic
values with respect the as-cast state, whilst at the highest fluences
Ecorr shifted toward more positive values. Simultaneously, the
passive current density initially decreased and subsequently
increased. Furthermore, jcorr did not show any clear pattern with
an increase of the fluence. Therefore, it is plausible to assume that
the corrosion behavior of irradiated BMGs is strongly dependent on
the ion specie, its energy and the fluence used. The corrosion
Fig. 6. Representative potentiodynamic polarization curves corresponding to (a)
the Zr-based alloy measured at room temperature using a 5 wt.% NaCl solution and
(b) the Ti-based alloy measured at 37 C using the Hank’s solution, in the as-cast
state, after ion irradiation at room temperature (RT), after annealing at 620 K and
after ion irradiation at 620 K.
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was evaluated by morphological and compositional analysis of
the sample surface after 16 h-immersion in phosphate buffer solu-
tion (PBS) [42]. The authors observed a decrease in the density and
diameter of pits for the Ar-implanted alloy. However, a study
under polarization conditions was not performed and, hence, the
comparison with the Zr-based alloy presented here is not straight-
forward. Our results on the Ti-based alloy are similar to those
reported by Mathur et al. [38,39]. After irradiation of amorphous
Ti40Ni60 with heavy Ni11+ (150 MeV, 1  1013 ions/cm2) or N+
(150 keV, 1  1016 ions/cm2), the authors found that the sample
exhibited slightly more positive Ecorr and lower jcorr values com-
pared with the non-irradiated specimen in 1 M HNO3 environment.
The decrease of the jcorr was attributed to the nanocrystallization-
induced irradiation in the case of Ni11+, and to an improvement in
the homogeneity and protective character of an oxide film formed
on the surface in the case of N+.4. Conclusions
In summary, the combined effects of temperature and ion irra-
diation damage on the structure and physical/chemical properties
(i.e., mechanical behavior, wettability and corrosion performance)
of two different metallic glasses have been studied. Our results
indicate that for sufficiently low ion fluences and low incidentenergies, the glassy structure of the as-cast alloys is preserved after
irradiation at RT. Conversely, the same mild irradiation conditions
applied at a temperature close to Tg induce partial nanocrystalliza-
tion at the surface of the glassy Ti-based alloy and some decompo-
sition typically occurring before nanocrystallization at the surface
of the Zr-based alloy. As a consequence, the changes in mechanical
properties observed after irradiation at RT (reduction of hardness
and Young’s modulus, presumably due to the increase of the free
volume concentration) are opposite to those observed after
temperature-assisted ion irradiation processes. In turn, while no
improvement of the corrosion performance is observed for
the Zr-based alloy, an enhancement is observed after high-
temperature irradiation of the Ti-based alloy. Hence, these results
indicate that, by tuning both the sample temperature and the irra-
diation conditions, the properties of the resulting material can be
controlled in order to meet specific technological demands, such
as mechanical performance.
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